The Earth is unique in our solar system in having a buoyant, highland-forming continental crust with a differentiated, andesitic composition; thus, it can be referred to as an "andesite planet." Andesitic magmatism is associated with convergent plate margins such as subduction zones, leading to a broad consensus that this setting has been the major site of continental crust formation. However, while andesites are dominant in mature continental arcs, they are subordinate in juvenile oceanic arcs, resulting in a great conflict regarding the creation of the continental crust. We focused on the Izu-Bonin-Mariana arc to assess this problem, as it is a juvenile intra-oceanic arc with a mid-crustal layer that has a seismic velocity identical to that of the bulk continental crust. Petrological modeling of the production of andesitic melts by the mixing of mantle-derived basalt with crust-derived, rhyolite magmas successfully reproduced the crust/mantle structure observed in seismic profiles of the Izu-Bonin-Mariana arc. As a result, we presented a challenging hypothesis: the continent was created in the ocean. One key mechanism that differentiates initial basaltic arc crust to evolved, andesitic continental crust may be the delamination of SiO 2 -depleted residues of crustal melting, termed "anti-continent," from the arc crust.
Introduction
Known terrestrial planets possess a common internal structure with a metallic core, a rocky mantle, and an evolved crust, although the presence of two layers in the core, i.e., liquid and solid, is uncertain in terrestrial planets other than the Earth (Fig. 1) . Thus, it would seem appropriate to ascribe a fundamentally common mechanism to the formation and evolution of these inner planets. However, current surface features of terrestrial planets are highly variable, suggesting that different tectonic regimes have operated during the evolution of these planets. One such example is topography. The Earth exhibits a bimodal height distribution at the surface ( Fig. 1 ) in contrast to the rather even surface of other terrestrial planets. This unique "lowland vs. highland" topography of the Earth is a consequence of the distribution of continental and oceanic crust on the fluidal and denser mantle, each with distinct densities and thicknesses that are on average 2700 vs. 2900 kg/m 3 and 40 vs. 6 km, respectively. The contrast in density is due to a difference in their average compositions; the continental crust is intermediate or andesitic, containing~60 wt% SiO 2 , whereas the oceanic crust is mafic or basaltic, containing~50 wt% SiO 2 (e.g., Christensen and Mooney 1995; Kelemen 1995; Taylor and McLennan 1995; Rudnick 1995) . In contrast, other terrestrial planets are covered with a uniform crust that is broadly mafic in composition (e.g., Taylor and McLennan, 2009 ). Therefore, it may be appropriate to regard the Earth as unique in our solar system, being the only "water planet," "shore planet," and "andesite planet." In this study, we examined the mechanism of continental crust formation and emphasized the role of the delamination of mafic components in the creation of the evolved, andesitic crust found on the Earth, by analyzing the seismic and petrologic crust-mantle structure of the juvenile Izu-Bonin-Mariana arc.
Two types of Earth's crusts: a consequence of plate tectonics
The presence of a high-temperature metallic core, common to all terrestrial planets ( Fig. 1) (Aitta, 2012; Smith et al., 2012; Stevenson, 2001) , causes convection in the mantle with a high Rayleigh number. Since mantle viscosity strongly depends on temperature (e.g., Karato and Wu, 1993) , the top thermal boundary layer, the lithosphere, is very viscous and stiff. Stagnant lid convection, involving heat transfer by conduction in the upper lid underlain by a convecting mantle, should be the most likely mode of mantle convection and is typical of mantles in other terrestrial planets such as Venus, Mercury, and Mars (e.g., Solomatov, 1995; Schubert et al., 2001) , where the entire planetary surface consists of one continuous plate.
The Earth, on the other hand, is unique among the terrestrial planets of the solar system because the lithosphere or lid is broken into multiple tectonic plates that move and founder into the mantle, i.e., the operation of plate tectonics. For such a distinctive regime to exist, stresses associated with mantle convection have to exceed the strength of the rigid lithosphere, which may happen with weakening of the lithosphere. The presence of water is one possible mechanism that reduces the yield strength of the lithosphere and friction on faults (e.g., Moresi and Solomatov, 1998; Valencia et al., 2007; Korenaga 2009 ). The timing of the onset of plate tectonics is still debated. For example, Stern (2005) suggests the initiation of modern-style plate tectonics at 1 Gya based on the absence of ophiolites and ultra-highpressure metamorphism before that era. Hopkins et al. (2010) considered that zircon dating back to >4.2 Gya may indicate the operation of plate tectonics in the Hadean. On the other hand, there is mounting evidence that both ocean formation and plate tectonics operation took place in the early Archean (3.6-3.9 Ga) (Nutman et al., 2002; Komiya et al., 1999; Shirey et al., 2008) . Once plate tectonics started operating, magmatism occurred in two different tectonic settings: at divergent plate boundaries such as mid-ocean ridges and continental rifts, and at convergent plate boundaries such as arc-trench systems and collision zones. The two distinct types of crust that characterize the Earth are believed to have been created at these two different plate boundaries.
The basaltic composition of Earth's oceanic crust has been inferred from the analyses of rocks sampled from both oceanic crust and their analogs-ophiolites that once formed the ocean floor before being obducted onto the continent (e.g., Dewey and Bird, 1971; Coleman, 1977; Dilek and Furnes 2011) . It has been established that the oceanic crust forms the top part of the oceanic plate and is created at mid-ocean ridges.
The continental crust is too thick to sample directly in its entirety. Therefore, its composition has been estimated indirectly by comparing the seismic velocity structure of the crust and the measured velocities of various rocks under crustal P-T conditions, in addition to studies of crustal xenoliths. The average P-wave velocity (V P ) of the continental crust is~6.5 km/s, suggesting that the bulk continental crust is andesitic in composition (e.g., Christensen and Mooney 1995) .
Andesite, the name of which is derived from the Andes Mountains, and its plutonic equivalents such as tonalite and granodiorite represent magmatism in subduction zones where active arcs form because of plate subduction. As a result, the "andesite model" was put forward by Taylor (1967) in which continental crust is created at subduction zones by magmatism. However, it is also now well known that while andesites are predominant in continental arcs with mature continental crust, basalts are the major volcanic products at intra-oceanic Fig. 1 Inner structures of the terrestrial planets (left) and characteristics of the Earth (right). Although the terrestrial planets show a common layered structure, the Earth is distinct in its bimodal height distribution at its surface, caused by magmatism associated with plate tectonics arcs with a juvenile crust (e.g., Gill, 1981; Ewart, 1982; Tatsumi and Eggins, 1995) . This leads to a fundamental problem with the andesite model; it cannot explain the creation of the initial continental crust but only explains the generation of the continental crust under conditions of pre-existing continental crust.
Izu-Bonin-Mariana (IBM) arc: a site of original continental crust formation?
The IBM arc, which extends 2800 km southward from the Izu Peninsula (Fig. 2) , has evolved due to the subduction of the Pacific Plate since 50 Ma, accompanied by back-arc rifting from 25 to 15 Ma that separated the Fig. 2 Bathymetry of the IBM intra-oceanic arc. A-B is the along-arc cross section shown in Fig. 6 IBM arc from the remnant Kyushu-Palau ridge, creating the Shikoku Basin and Parece Vela Basin (Fig. 2) . Backarc rifting was also initiated immediately behind the volcanic front in the central part of the Mariana arc after 2.8 Ma (Taylor 1992; Ishizuka et al. 2002) .
One marked structural feature of the IBM arc is the presence of a layer in the middle of the crust with a V P of 6.0-6.8 km/s, equivalent to that of the average continental crust and typical of intermediate-composition plutonic rocks (Christensen and Mooney, 1995) . This middle crust layer is underlain by a lower crust, a low-V uppermost mantle layer, and a normal upper mantle that exhibits a V P of 6.9-7.2, 7.2-7.6, and >7.8 km/s, respectively ( Fig. 3 ) (Suyehiro et al., 1996; Takahashi et al., 2007 Takahashi et al., , 2008 Sato et al., 2009 ). This characteristic layered structure has been confirmed to exist throughout the entire IBM arc (Kodaira et al., 2007a,b; Takahashi et al., 2008; Sato et al., 2009) .
The presence of plutonic rocks with andesitic compositions in the IBM middle crust is supported by the recovery of intermediate plutonic rock xenoliths in arc lavas, exposures along the IBM and Kyushu-Palau arc systems (e.g., Sakamoto et al., 1999) , the exposure of tonalitic plutons in the Tanzawa Mountains where the IBM arc collides with the Japanese islands (Kawate and Arima, 1998; Tani et al., 2010) , and the presence of a~150-km-long felsic melt layer in the Mariana arc (Stern et al., 2013) . Furthermore, a middle crust layer with a V P of 6.0-6.8 km/s is not unique to the IBM arc; it has also been documented in other intra-oceanic arcs such as the Tonga arc (Crawford et al., 2003) and the Kuriles (Nakanishi et al., 2009 ). These lines of evidence provide compelling support for a challenging hypothesis; the ingredients for continental crust are created at modern intra-oceanic arcs. Thus, the continents are born in the oceans. Tatsumi et al. (2008) examined whether petrologic models, including those in which andesitic magma is generated by crustal melting and those in which it is generated by mantle-melting-derived basaltic magma mixing with crust-melting-derived felsic magma, could lead to the genesis of the IBM crust and mantle. They found that the lithologies predicted by these models exhibited a V P consistent with the observed values. However, this modeling was based on a melting regime obtained by compiling the results of melting experiments for a variety of basalts with and without H 2 O. Since this study, new constraints on crustal melting and andesitic magma formation in the IBM arc have been provided by Tatsumi and Suzuki (2009) , who thoroughly investigated the liquid line of descent for a representative IBM basalt at crustal pressures. Thus, it is important to examine the implications that these latest results have for the lithology and the physical properties of the IBM crust and mantle.
Seismic vs. petrologic structure of the IBM crust and mantle Arc evolution model and lithology of crust and mantle
The seismic structure of the sub-IBM arc crust and mantle (Fig. 3 ) has been petrologically modeled by Tatsumi et al. Fig. 3 V P structure of the IBM arc and its petrological interpretation. V P and density calculated for the inferred lithologies in the sub-IBM arc crust and mantle are also shown. The calculated V P values (lines) are consistent with the observed V P structure (light area). Note that a density inversion is predicted for the low-V uppermost mantle layer (2008, 2014) and is schematically shown in Fig. 4 . The compositions of the inferred crust/mantle components used here are listed in Table 1 . A representative IBM basalt (basalt in Table 1 ), which was the initial material used in Tatsumi and Suzuki (2009) , was assumed to form the initial arc crust. Although boninite is known to be the lithology for an initial IBM arc (e.g., Ishizuka et al., 2011) , it may not be distributed widely, particularly as the intermediate middle crust lithology along the current IBM arc, since this hydrous magma forms amphibole-rich pluton with a V P greater than observed values . Successive magmatic underplating caused the partial melting of the initial crust to produce a rhyolitic melt after a 5-10 % partial melting, leaving a restite or a melting residue (the compositions of these components inferred from experiments are listed in Table 1 ). Mixing of this rhyolite magma with an IBM basalt magma produced andesite magmas (andesites 1-3 in Table 1 with different mixing ratios), which ascended and solidified to form a middle crust layer. A noteworthy difference in chemistry between the inferred IBM andesite and the average continental crust was a strong depletion in potassium and other incompatible elements in IBM andesites (Table 1) . This was due to the production of IBM magmas from depleted peridotite or harzburgite (Tatsumi, 2000) , whereas continental crusts may have been created above more fertile peridotites or even enriched mantle/crust (Albarède, 1998; Clift and Vannucchi, 2004) .
Since the basalt used in this study as a representative IBM basalt was not a primary magma that was in equilibrium with upper mantle peridotites, olivine cumulates may have formed during magmatic differentiation and would have likely mixed with the restite. The restite with and without 10 % olivine cumulate were then considered to be a possible crust/mantle component. The sub-IBM arc mantle was assumed to consist of harzburgite (Table 1) as it is commonly found as xenoliths in serpentine mud volcanoes in the IBM forearc (Ishii et al., 2000) .
In summary, the new modeling suggested that the plutonic equivalent of the mixed andesitic magma was the lithology of the middle crust, the representative IBM basalt was the lithology of the lower crust, the restite with and without olivine cumulates was the lithology of the low-V uppermost mantle, and harzburgite was the lithology of the normal upper mantle (Table 1) .
Physical properties of crust and mantle
Once the chemical compositions of each layer of the sub-IBM arc crust and mantle were defined, the mineral assemblages and physical properties of these layers were obtained and compared to the observed layered structure.
The amount of H 2 O in magma governs the amount of hydrous phases in a solidified rock and may be a critical control on its physical properties. It was possible to estimate the H 2 O content in magmas by mixing the basalt magma, assumed to contain 0.5 wt% H 2 O , with a rhyolitic magma that was produced by partial melting of the hydrous basalt. Assuming that 10 % partial melting was required to produce rhyolitic magma, the rhyolite would contain~5 wt% H 2 O. An intermediate magma with~60 % SiO 2 produced by a~3:2 mixture of basaltic and rhyolitic magmas would thus contain~3.2 wt% H 2 O. This value was much higher than the 0.3-0.5 wt% H 2 O inferred from the amount of hydrous phases contained in the tonalitic plutonic rocks from the IBM . With the current data available, however, it was difficult to further constrain the H 2 O content in IBM magmas. Therefore, we tentatively accepted 0.5 wt% as the H 2 O content of both mixed intermediate and original basaltic magmas.
Assuming the distribution of crust and mantle components outlined above, subsolidus phase equilibria at pressures and temperatures relevant to crust-to-mantle conditions were obtained using the free energy minimization algorithm, Perple_X (Connolly, 1990; , along inferred geothermal gradients. The temperature of the mantle wedge at 70 km depth was fixed at 1400°C, the temperature required for arc basalt magma generation (Tatsumi et al., 1983) . The surface temperature was fixed at 0°C and the temperature at the Moho was set at 750°C, the solidus temperature of a basaltic rock with 0.5 wt% H 2 O. The subsolidus temperature at the Moho was consistent with the observation that the Moho discontinuity was clearly defined beneath the IBM arc (Kodaira et al., 2007a; Takahashi et al., 2008) . On the other hand, the lower crust should be partially molten beneath the region where the arc crust was being created and evolved by the localized heat supply from mantle-derived basalt magmas. This temperature was~120°C lower than the Moho temperature inferred by Tatsumi et al. (2008) . This may be due to the greater amount of H 2 O in the basalt composition used in this study (0.5 compared to 0.2 wt% in the earlier study). Oxygen fugacity (f O2 ) was fixed at an approximate QFM buffer as a stable phase condition, and hence, the physical properties of the lower crust were relatively insensitive to f O2 (Behn & Kelemen, 2006) . The results of the calculations are shown in Fig. 5 and listed in Table 2 . The resulting mineral assemblages were then used to calculate the physical properties of each layer of the model IBM crust and mantle following the method of Hacker et al. (2003) . The calculated seismic velocity and density, together with the observed V P for each layer, are presented in Fig. 3 and Table 2 .
One major difference between the calculation results presented here and in earlier efforts was that garnet was ubiquitous both in the lower crust and the uppermost mantle layers in the new results ( Fig. 5 and Table 2 ), but appeared only in the lower portion of the low-V layer in the uppermost mantle in previous results . This was due to the lower temperature used in this study to keep the lower crust beneath the nonvolcanic region at subsolidus temperatures. The presence of garnet in the IBM crust was apparently inconsistent with the geochemical characteristics of crustderived felsic volcanic rocks that may have been in this arc, suggesting that there was no garnet residue during crustal melting (Tamura et al., 2009) . It should be emphasized, however, that the crust-mantle lithology obtained in this study formed under stationary, non-magmatic conditions instead of in higher temperature conditions associated with localized magmatism. Garnet may be replaced by pyroxene and plagioclase at higher temperatures ) when crustal melting takes place, producing felsic magmas with no garnet signatures.
Arc crust evolution via formation and delamination of anti-continent Figure 3 shows that the seismic velocities inferred from the petrology of the likely lithologies of the sub-IBM arc crust and mantle provided a V P structure consistent with that observed. This suggested that the sub-IBM arc crust and uppermost mantle may be composed of these lithologies, which have evolved through the processes shown in Fig. 4 . In this case, the Moho discontinuity, which defines the boundary between the crust and mantle, may be the boundary between the remaining basaltic, initial arc crust and the restite of crustal melting following the extraction of rhyolitic melts. However, this interpretation requires the crustal component, which is a restite of crustal melting and thus originally forms within the crust (above the Moho), to be transferred to the upper mantle and consequently crossing, and then distributed below the Moho. If so, this confirms the previous suggestion of Tatsumi et al. (2008) that the sub-arc Moho is not a rigid material boundary between crust and mantle materials but is chemically transparent and permeable to crustal components.
It may be reasonable to assume a basaltic composition for the initial arc crust, as magmas produced in the mantle wedge are basaltic in composition (e.g., Tatsumi and Eggins, 1995) , except in some unusual tectonic settings where andesitic primary magmas are generated (Tatsumi, 2006) such as during boninite activity at the Table 1 for different basalt-rhyolite mixtures. Compared to the model in Tatsumi et al. (2008) , this model uses a lower temperature to maintain subsolidus temperatures at the Moho very initial stage of IBM evolution (e.g., Meijer, 1980) . Therefore, in order to create a continental crust with intermediate compositions in arc settings, the extraction of mafic components from the basaltic arc crust is necessary. A transfer of the restitic crustal component, which has a more mafic composition than the original basaltic composition of the arc crust, to the mantle may provide such a mechanism (see Table 1 ), causing the arc crust to evolve and possibly form continental crust. Kodaira et al. (2007b) calculated the average seismic velocity excluding the restite layer and suggested that the velocity was close to that of a typical continental crust. The complementary restite may thus be referred to as "anti-continent" (Tatsumi et al., , 2014 . One characteristic seismic feature of the IBM system is the distribution of a seismic reflector at depths of 20-40 km in the upper mantle, which defines the base of the low-V uppermost mantle layer (Sato et al., 2009) , the layer inferred to be the restite or anti-continent. It may thus be interesting to compare the thickness of this low-V layer with that predicted by the modeling for the anticontinent.
As a simple model, we assumed that a 3:2 mixing of a rhyolite and a basalt melt containing 75 and 50 wt% SiO 2 , respectively, forms a magma with 60 wt% SiO 2 , consistent with the lithology of the IBM middle crust. Such a rhyolitic magma can be produced by~10 % partial melting of the basaltic crust . As a result, the thickness of the restite (T R ) was expressed as a function of the thickness of the middle crust (T M ): T R = 2/5 × T M × 9. Applying this simple equation to the along-arc seismic structure (Kodaira et al., 2007a; Sato et al., 2009) , the distribution of the restite or anti-continent layer was obtained (Fig. 6) . The amount of anti-continent required to generate the IBM middle crust resulted in a much thicker layer than that observed for the low-V uppermost mantle layer.
One possible reason for this inconsistency could be the density contrast between the anti-continent and the normal upper mantle (harzburgite). The inferred density of the uppermost mantle, composed of a restite, anticontinent layer, was higher than that for the underlying normal mantle (Fig. 3) due to garnet stabilization in the restite layer (Fig. 5 and Table 2 ). This would have caused gravitational instability and may have resulted in the "delamination" of the overlying dense anti-continent. This process has been repeatedly emphasized as a possible physical consequence of crustal evolution (England & Houseman, 1989; Turcotte, 1989; Kay & Kay, 1993; Jull & Kelemen, 2001; Tatsumi et al., 2008) . Interestingly, highpressure experiments and geochemical modeling have demonstrated that a sinking anti-continent is, in contrast to a subducting oceanic crust, always denser than the surrounding mantle, suggesting that it can penetrate through the upper-lower mantle boundary without stagnation and accumulate at the base of the mantle where it could be recycled in mantle plumes (Tatsumi et al., 2014) .
While the IBM arc has been creating a buoyant continental crust, the anti-continent has been simultaneously delaminating from the arc crust. Although the process of the delamination of the anti-continent is unclear, extensive magma generation in the mantle wedge may reduce the viscosity of the upper mantle, triggering the delamination of the dense anti-continent from the arc crust.
Conclusions
In our solar system, the continents, their highland topography, and the andesitic crust that forms them are A B Fig. 6 Depths to the base of the upper, middle, and lower crusts and the inferred restite layer along an arc-parallel section of the IBM (shown in Fig. 2 ) based on the seismic data of Kodaira et al. (2007a) and the model presented here. They require a restite layer that is much thicker than the low-V uppermost mantle layer, suggesting that most of the restite has delaminated unique to the Earth. On other terrestrial planets, the crust is entirely basaltic. Andesitic magmatism and continent crust-forming processes are caused by the subduction of oceanic plates, i.e., the operation of plate tectonics. Plate tectonics was initiated by the foundering of a surface plate along a large crack or fault within a plate, which could only develop in the presence of liquid water at the surface. Water also plays a key role in the generation of andesitic magma, lowering the solidus temperature of the basaltic crust, causing partial melting of the basaltic crust, and producing differentiated, i.e., rhyolitic to andesitic, magmas. The basaltic crust has evolved into an andesitic continental crust via the delamination of the SiO 2 -deficient and dense anti-continent that was created complementary to the continental crust from the initial basaltic crust. The Earth has been simultaneously creating continents at the top of the mantle and the anti-continent at the base of the mantle, and consequently has evolved into a unique planet.
